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We demonstrate the characteristics of pþ-Ge/n-Si and nþ-Ge/p-Si heterojunction diodes with a very high on/off ratio and very low leakage current

using heteroepitaxial Ge grown directly on Si. The current ratio of pþ-Ge/n-Si and nþ-Ge/p-Si heterojunction is �5� 107 and �3� 106,

respectively. The remarkably low off current density is 2.1 �A/cm2 for pþ-Ge/n-Si and 19 �A/cm2 for nþ-Ge/p-Si at a reverse bias of jVRj ¼ �1V,

respectively. High on current density (125A/cm2 for pþ-Ge/n-Si and 54A/cm2 for nþ-Ge/p-Si) with a forward bias jVFj ¼ �1V is obtained with a

GeO2 passivation and an Al2O3 isolation. # 2013 The Japan Society of Applied Physics

G
ermanium (Ge) has been demonstrated as a prom-
ising candidate for monolithic integration with
silicon metal–oxide–semiconductor field-effect

transistors (Si MOSFET) and for expanding the function
range of the complementary metal–oxide–semiconductor
(CMOS) circuits.1,2) However, to process needed to integrate
Ge devices on a Si wafer for high performance applications
is extremely challenging because of the 4.2% lattice mis-
match between Ge and Si. Usually, a high temperature post-
growth annealing is needed to achieve high quality hetero-
epitaxial Ge films.3,4) Moreover, fast n-type dopant diffu-
sion5) and relatively low dopant solubility6) are serious issues
during the activation in Ge, making high performance
heterojunction diodes very difficult. In a past report,7) pþ/n
and nþ/p Ge junction diodes with poor ION=IOFF ratio
and high leakage current density were presented, while, pþ-
Ge/n-Si and nþ-Ge/p-Si heterojunction diodes fabricated
directly on the Si substrate with a high ION=IOFF ratio and
extremely low leakage current have not yet been demon-
strated in the published literature.

In this letter, we demonstrate pþ-Ge/n-Si and nþ-Ge/p-Si
heterojunction diodes with high performance and very low
leakage current fabricated via heteroepitaxial growth of Ge
directly on the Si substrate. We postulate the results of such
a favorable ION=IOFF ratio and low leakage current are due to
two possible reasons. First is the inherent physical properties
of Si and Ge. The large band gaps in Si contributes to
reduced leakage current as a minority carrier; while the
smaller band gap found in Ge leads to higher forward
current. The second reason is misfit dislocations are not
efficient generation and recombination centers since the
leakage currents of our diodes are almost independent of
applied bias. This approach presented here is very attractive
for mass production.

Figure 1 is schematic illustration of the junction structure.
The reason why we used a mesa structure is because this is
more similar to the junction structure used in fin-type FETs
(FinFETs). A undoped Ge film was grown at 420 �C on a
6-in. Si(100) substrate using an ultra high vacuum chemical
vapor deposition (UHVCVD). The thicknesses of the Ge
films were 120 and 160 nm for the n-Si substrate with a
resistivity of 2–7� cm and p-Si substrate with a resistivity of
15–25� cm, respectively. The chamber temperature was
raised to 900 �C for 10min to execute thermal annealing in
order to reduce the defect density. Etch-pit density counting

(EPD) is an effective method for measuring threading
dislocation densities in the Ge/Si system.3) To analyze the
defect density in the grown films, we used an alternative
sample, 4 �mGe film on Si, because 120 and 160 nm Ge films
used in the paper were too thin for EPD analysis. The
dislocation density was estimated to be around 106–107

cm�2. Figure 2(a) shows the transmission electron microsco-
py (TEM) image of 120 nm Ge film on the n-Si substrate with
a low threading dislocation density. A uniform and smooth
surface is also observed. In addition, we further confirmed
the surface morphology of the Ge film by an atomic force
microscopy (AFM) measurement, as shown in Fig. 2(b). The
root mean square (RMS) surface roughness is 1.4 nm in a
scanning area of 25 �m2. To avoid the channeling effect, an
oxide of 10 nm was deposited by plasma enhanced chemical
vapor deposition (PECVD) on the two type substrates before
an implanted region was defined. Boron ions (30 keV,

(a) (b)

Fig. 1. (a) Schematic illustration of pþ-Ge/n-Si and (b) nþ-Ge/p-Si
heterojunction diodes using a mesa structure with a GeO2 surface

passivation and an Al2O3 isolation.

Fig. 2. (a) TEM image of a 120 nm blanket Ge film on the Si substrate

showing very low threading dislocation density and smooth surface and

magnification image from dash line indication (inset). (b) AFM morphology

of the epitaxial Ge on the Si with RMS roughness of �1:4 nm.
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1� 1015 cm�2) and phosphorus ions (50 keV, 1� 1015

cm�2) were implanted in the active areas of heterojunction.
A 100 nm PECVD oxide was deposited for suppressing
dopant outdiffusion since the ion implantation damage would
result in fast diffusion.8,9) According to the results in the past
reports,8–11) we know boron has higher activation efficiency
while phosphorus needs higher temperature to be activated.
Dopant diffusion mechanisms and annihilation of defects
in the Ge do influence the shallow junction formation and
the leakage current. Activation was performed in nitrogen
ambient for 10 s at 500 �C (pþ-Ge/n-Si) and for 10 s at
600 �C (nþ-Ge/p-Si). The heterojunction area (625 �m2) was
formed by using reactive ion etch (RIE) anisotropic etching
in Cl2/HBr ambient using oxide as a hard mask. The GeO2

as surface passivation layer using rapid thermal oxidation
(RTO) at 520 �C for 30 s and then an Al2O3 as isolation
was performed after removing native oxide by atomic layer
deposition (ALD). In particular, thermally grown GeO2 can
act as a good electrical passivation layer between Ge and
high-� dielectrics.12) for the reduced interface state density
and lower surface leakage current. Finally, Ti (5 nm)/
Pt (50 nm) contact for pþ-Ge/n-Si and Ti (5 nm)/
Au (50 nm) contact for nþ-Ge/p-Si heterojunction were
deposited by sputtering.

Figure 3(a) shows secondary ion mass spectrometry
(SIMS) dopant profiles of the pþ-Ge/n-Si heterojunction
diode before and after RTA. The dashed line indicates the
thickness of the epi-Ge layer. After the RTA process, the
boron dopants were hardly redistributed and no deeper
diffusion was observed. This result was similar to that in
the former report; the pairing of boron with the defects has
a high binding energy so that the atoms are almost im-
mobile.13) Moreover, we think most of the dopants residing
in the Si region remain inactive since the thermal energy of
low temperature RTA used in this work was insufficient to
activate the dopants. Figure 3(b) shows the SIMS dopant
profiles of the nþ-Ge/p-Si heterojunction diode. A slight
diffusion of phosphorous dopants is observed after the
annealing due to the relatively higher thermal budget
required for the n-type dopant activation in Ge.9)

Recently, there are many articles focusing on the Ge
junction diode being published. Park et al.14) reported on a
Ge pþ/n junction diode on an Si substrate using metal-
induced dopant activation (MIDA) technique with on/off
ratio �2:1� 104, in which on current density (JON) was
<100A/cm2 at V ¼ 1V and off current density (JOFF) was
>1mA/cm2 at V ¼ �1V. Yu et al.15) also reported the
selective growth method epi-Ge pþ/n junction diode on the
Si using the selective multiple hydrogen anneals for hetero-
epitaxy (MHAH) technique. The diode had JOFF of >10�4

A/cm2 at V ¼ �1V and JON of �1A/cm2 at V ¼ 1V with
on/off ratio <104. Eneman et al.16) presented an analysis
of junction leakage in the heavily doped pþ/n Ge junctions
on the Si substrate. A higher counterdoping increased the
electric field in the junction and led to higher junction
leakage so that the JOFF was 10�2 A/cm2 at V ¼ �1V
without halo implantation. Gity et al.17) had a study on the
p-Ge/nþ-Si diode structure by the direct wafer bonding
technique. Due to the fact that most of the depletion region
was built inside the p-Ge, a very high JOFF (�0:12A/cm2 at
V ¼ �1V) was produced by the generation and recombina-

tion process within the Ge. Hence, an on/off ratio of <104

was demonstrated. Figure 4(a) shows the current–voltage
(I–V ) characteristic of our pþ-Ge/n-Si heterojunction diode
(area: 625 �m2) with a very high on/off ratio >107 and
a very high JON (125A/cm2 at V ¼ 1V). Cumulative
probability versus leakage current density (at V ¼ �1V) is
shown excellent uniform distribution of leakage current
density in the inset of Fig. 4(a). Also an extremely low JOFF
(2.1 �A/cm2 at V ¼ �1V), which is at least two orders
of magnitude smaller than those reported in the above
literature, is presented even though a large number of misfit
dislocations existing at the Ge/Si interface due to lattice
mismatch have been clearly seen in the inset of Fig. 2(a).
Misfit dislocations were basically caused by the lattice
mismatch between Ge and Si. With Ge being heavily doped
and Si lightly doped of pþ-Ge/n-Si heterojunction, most
of the depletion region is built inside the n-Si side. Thus, the
band to band tunneling (BTBT) leakage current in Ge is
effectively suppressed. Moreover, the JOFF is nearly inde-
pendent of reverse bias, which remains at 1–2 �A/cm2

current level, indicating the leakage current does not come
from trap generation mechanism. Thus, we speculate that the
energy level of misfit dislocations is not located at and/or
near the middle of band gap, which means the misfit dis-
locations are not efficient generation and recombination
centers. In the modern advanced circuits, huge power con-
sumption is a great concern. The junction leakage certainly
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Fig. 3. (a) SIMS depth profile of the pþ-Ge/n-Si heterojunction diode

with RTA (500 �C 10 s in N2 þ 520 �C 30 s in O2). (b) SIMS depth profile of

the nþ-Ge/p-Si heterojunction diode with RTA (600 �C 10 s in N2 þ 520 �C
30 s in O2). and the dashed line indicates the epi-Ge layer thickness.
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contributes to the off state power consumption. So, our
heterojunction with extremely low off current density is very
attractive from the viewpoint of power consumption. The
ideality factor of our pþ-Ge/n-Si heterojunction is �1:1.

Yu et al.18) reported the Ge nþ/p junction diode using
in situ doped epitaxial growth on the Si substrate at 600 �C
having an on/off ratio = 1:1� 104 and JOFF of �10�2

A/cm2 at V ¼ 1V. Also, Park et al.7) reported the Ge nþ/p
junction diode formed on the Si substrate by Co MIDA
technique with on/off ratio �3:7� 102, JOFF � 7� 10�1

A/cm2, and JON � 3� 102 A/cm2 at jV j ¼ �1V. Thareja
et al.19) had a study on the nþ/p Ge junction diode using
laser annealing technique. The junction diode had JOFF of
�10�2 A/cm2, JON of �2� 101 A/cm2 at jV j ¼ �1V and
an on/off ratio of �2� 103. Jamil et al.20) also had a study
on the nþ/p Ge junction diode, which was formed by rapid
thermal diffusion of spin-on dopants. The diode had JOFF of
�2� 10�4 A/cm2, JON of �102 A/cm2 at jV j ¼ �1V and
an on/off ratio of �106. Even though the on/off ratio was
the best in the literature, the junction formed by their
proposed technique was very deep. Figure 4(b) shows the
electrical characteristic of our nþ-Ge/p-Si heterojunction
diode (area: 625 �m2) with high on/off ratio >106 and a
high JON (54A/cm2 at V ¼ �1V). On current density level
is similar to those in the literatures, which implies the
sufficient dopant activation in our heterojunction. Never-
theless, the on current of nþ-Ge/p-Si is slightly lower than

the pþ-Ge/n-Si heterojunction. Maybe this is due to the fact
that the implantation induced defects are very difficult to
be annihilated.10) Thanks to the reduction of the depletion
region area in a mesa structure because the depletion region
of pþ-Ge/i-Ge and i-Ge/n-Si can be eliminated as compared
with that in the planar heterojunction structure. The off
current density (19 �A/cm2 at V ¼ 1V) is at least one order
of magnitude lower than those reported in the above
literature with a shallower (�100 nm) junction depth. This
is the same as the situation in the pþ-Ge/n-Si heterojunction,
the off current is nearly independent of reverse bias so that
we think our speculation regarding misfit dislocations is
convincing. The ideality factor of our nþ-Ge/p-Si hetero-
junction is �1:16 at low forward voltages.

In conclusion, we have demonstrated pþ-Ge/n-Si and nþ-
Ge/p-Si heterojunction diodes directly on the Si substrate
using the mesa structure. Both pþ-Ge/n-Si and nþ-Ge/p-Si
heterojunction diodes depict very high on/off ratios, which
are �5� 107 and �3� 106, respectively. Significantly low
off current density is 2.1 �A/cm2 for pþ-Ge/n-Si and 19
�A/cm2 for nþ-Ge/p-Si at jVRj ¼ �1V. A high on current
of 125A/cm2 for pþ-Ge/n-Si and near the unity ideality
factor were observed. Finally, our results for heterojunction
diodes shed light on realizing high performance and low
off current density Ge MOSFET for future CMOS circuits
and more importantly the devices can be made on the large
diameter Si wafers.
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Fig. 4. (a) I–V characteristic of pþ-Ge/n-Si heterojunction diode (area:

625 �m2) with high ION=IOFF > 107 and cumulative probability versus

leakage current density at junction voltage of �1V (inset). (b) I–V

characteristic of nþ-Ge/p-Si heterojunction diode (area: 625�m2) with high

ION=IOFF > 106.
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